would have been M 0.05~3 20 (for an infidelity e = 0.05), which would have started wrapping the states around the Bloch sphere.
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Supported by grants from the Defense Threat Reduction Agency and the Office of Naval Research. We thank M. Schleier-Smith for crucial discussions over the course of this work. Molecular knots occur in DNA, proteins, and other macromolecules. However, the benefits that can potentially arise from tying molecules in knots are, for the most part, unclear. Here, we report on a synthetic molecular pentafoil knot that allosterically initiates or regulates catalyzed chemical reactions by controlling the in situ generation of a carbocation formed through the knot-promoted cleavage of a carbon-halogen bond. The knot architecture is crucial to this function because it restricts the conformations that the molecular chain can adopt and prevents the formation of catalytically inactive species upon metal ion binding. Unknotted analogs are not catalytically active. Our results suggest that knotting molecules may be a useful strategy for reducing the degrees of freedom of flexible chains, enabling them to adopt what are otherwise thermodynamically inaccessible functional conformations.
M olecular knots are found in circular DNA (1) and approximately 1% of proteins in the Protein Data Bank (PDB) (2) and form spontaneously in polymer chains of sufficient length and flexibility (3) . Molecules with the topology of some of the simplest prime knots have been synthesized (4-13), but, although knots are fundamental elements of structure, the potential benefits that could arise from tying molecules in knots are mostly unclear (14) (15) (16) (17) (18) . Recently, Fe(II) complexes of some synthetic molecular knots and links were found to strongly and selectively bind halide anions (X -) within their central cavities (19) . This binding activity resembles a key feature of dehalogenase enzymes, which contain halide binding sites that facilitate the cleavage of carbon-halogen bonds (20, 21) . Here, we show that as little as 1 mole % (mol %) of a synthetic molecular pentafoil knot can induce Lewis acid-catalyzed reactions by the in situ generation of a carbocation by carbonhalogen bond scission promoted by CH···X -hydrogen bonding and long range metal-cation···X -electrostatic interactions.
We previously reported the synthesis of a molecular pentafoil knot [a 5 1 knot in AlexanderBriggs notation (22) ], inspired by Lehn's cyclic double helicates (23) but modified so as to be assembled, and the end groups connected, through imine chemistry (24, 25) . The knot binds a chloride or bromide anion extremely strongly within its central cavity (K Cl -= 3.6 × 10 10 M −1
, K Br -= 1.7 × 10 10 M −1 in MeCN) through a combination of CH···X -hydrogen bonding and long-range Fe (II)···X -electrostatic interactions (19) . However, attempts to remove the metal ions while maintaining the pentafoil knot topology proved unsuccessful because of the lability of uncoordinated imine bonds (25) . We therefore investigated an alternative route to a metal-free pentafoil knot based on ring-closing olefin metathesis (RCM) of a tris(bipyridine) [tris(bipy)] ligand strand (1) that had proved successful in the synthesis of a related Star of David catenane (26) (Fig. 1). [Detailed experimental procedures and full characterization data are given in sections S1 and S4 to S8 of the supplementary materials (SM).] Heating ligand strand 1 with 1.25 equivalents (equiv.) of FeCl 2 in dimethylsulfoxide (DMSO) at 60°C resulted in an intensely colored redpurple solution indicative of the formation of low-spin Fe(II)-tris(bipy) complexes (Fig. 1, step i) . 9 by RCM using the Hoveyda-Grubbs second-generation catalyst (Fig.  1, step iii) (27 9 were obtained by slow evaporation of a solution of the knot in a mixture of acetonitrile and toluene containing excess NaBPh 4 , and the solid-state structure was determined by x-ray crystallography (SM, section S8). The crystal structure (Fig. 3) confirmed the topology of the molecular pentafoil knot as a single 190-atom loop woven around five Fe(II) cations to create the five crossing points. As with the related imine-pentafoil knot, a chloride anion (present despite the large excesses of PF 6 -and polymers, or complex product mixtures (29) . Therefore, it might seem that only iron(II)-complexed knots are accessible with this system. However, treatment of the metal-free pentafoil knot 2 with Zn(BF 4 ) 2 in a mixture of CD 2 Cl 2 / CD 3 OD (3/1) (Fig. 1, step vii) , gave an initially broad 1 H NMR spectrum ( fig. S4 ) that sharpened after two hours at 40°C, indicating rearrangement to a single molecular species. After workup, the formation of the zinc(II) coordinated pentafoil knot [Zn 5 2](BF 4 ) 10 was confirmed by 1 H NMR spectroscopy (Fig. 2E) and ESI-MS (figs. S57 and S58). The restrictions on the chain conformation imposed by the topology of 2 prevent formation of linear triple helicates [as predominantly occurs with 1 and Zn(II) salts] and enable the ligand to adopt the higher-energy circular helicate structure with zinc(II) ions that is thermodynamically inaccessible with 1. Zinc(II) ions typically exhibit much faster coordination kinetics than lowspin iron(II) ions, and the Zn(II)-pentafoil knot could be demetallated to reform 2 (Fig. 1,  step viii ) more readily and under milder conditions than the Fe(II)-pentafoil knot (Fig. 1, step SCIENCE sciencemag.org 24 (7), and 8.431(7). Fe-Fe-Fe angles (°): 107.80(7), 106.86(7), 108.37(7), 108.14(7), and 108.82 (7) Substantial recent catalysis research has leveraged anion-binding molecules to influence reactions by ion pairing (30) or, in some cases, promoting carbon-halogen bond cleavage (31) . Even with the relatively modest anion binding affinities of the host molecules generally employed to date, the approach has been shown to be effective across a range of reaction types (31) 9 OTf, respectively (SM, section S2.1). This reaction could be used to recycle the halidebinding cavity of the knot in situ-for example, using the Zn(II)-pentafoil knot as a catalyst for the hydrolysis of bromodiphenylmethane (Ph 2 CHBr) ( Fig. 4A and SM, section S2.2). MeOTf does not promote the hydrolysis reaction in the absence of the knot. Other nucleophiles (e.g., MeCN) also react efficiently with the catalytically generated benzhydryl (Ph 2 CH + ) carbocation (SM, section S2.3). In addition to acting as a catalyst in its own right, the metal-coordinated pentafoil knot could be used to generate other catalytic species, such as Lewis acidic trityl carbocations, through anion abstraction (Fig. 4B) . The Michael addition and Diels-Alder reactions of acrolein (3) with 2-acetylcyclopentanone (4) and cyclohexadiene (6), respectively ( Fig. 4B and tables S1 and S2), can each be promoted by Lewis acidic carbocations (32, 33) . We confirmed that neither of these reactions occurs in the absence of trityl bromide (tables S1 and S2, entry 1) and proceed only slowly in the presence of trityl bromide alone (tables S1 and S2, entry 2). The addition of Fe(II) (bipy) 3 , the basic metal coordination unit of the knot, does not increase the reaction rate above the background level (tables S1 and S2, entries 3 and 4), nor does the addition of the tris(bipy) ligand strand 1, even in the presence of FeCl 2 (any pentameric circular helicate formed would have a Cl -anion already strongly bound to the halide binding site) (tables S1 and S2, entry 5). Neither the Fe(II)-nor Zn(II)-pentafoil knots {[Fe 5 2](PF 6 ) 10 and [Zn 5 2](BF 4 ) 10 } lead to catalysis of the reactions in the absence of trityl bromide (tables S1 and S2, entries 11 and 14) . However, in the presence of trityl bromide, both [Fe 5 2](PF 6 ) 10 (tables S1 and S2, entry 13) and [Zn 5 2](BF 4 ) 10 (tables S1 and S2, entry 15) initiate catalysis of the reactions, effectively affording the endo-Diels-Alder (7) 9 . In contrast, treating trityl bromide with the demetallated form of pentafoil knot 2 did not generate the carbocation ( fig. S20) , and no catalysis was observed upon the addition of 3 and 4 or 6 (tables S1 and S2, entry 12).
The binding of one type of molecular species (an effector) to induce structural change and alter binding or catalysis at a second site-allosteric regulation-is a central part of the enzyme feedback loops biology uses to maintain homeostasis (34) . Allosteric control of Friedel-Crafts reactions has previously been demonstrated by a synthetic catalyst using coordination control of hydrogen bonding sites (35) . However, treating the metalfree knot 2 with iron(II) salts led to broad 1 H NMR spectra and complex product mixtures rather than simple reformation of [Fe 5 2] , even under forcing conditions (figs. S2 and S3). The kinetics of bipy exchange at low-spin iron(II) centers is apparently too slow, given the number of intermediates and alternative unproductive pathways, for folding of the knot to the highly ordered fivefold symmetrical form to proceed within a useful time frame. In contrast, the fast and reversible coordination kinetics of zinc(II) ions allowed for allosteric initiation of the knot-promoted catalysis under mild conditions (Fig. 4B) 10 (Fig. 4B, step i) (fig.  S5 ). Addition of a 0.3-M solution of trityl bromide (5 mol %), and reagents 3 and 4 or 6, formed products 5 or 7 in excellent yield (98 and 82%, respectively) (Fig. 4B, step ii) (Fig. 4B, step iii) quantitatively regenerated the demetallated knot, 2.
Our results suggest that tying molecules in knots may prove to be a useful strategy for reducing the degrees of freedom of flexible macrocycles and chains, enabling them to adopt otherwise thermodynamically inaccessible conformations that can perform useful tasks. By analogy, it may be that one biological role of knotting is to prevent protein chains from adopting low energy, but inactive, folded states. The formation of a binding site by the organization of a long molecular strand by allosteric metal ion binding is also reminiscent of proteins. The use of a strongly halophilic, and chiral, metal-coordinated knot to promote the cleavage of carbon-halogen bonds may bring advantages of chemo-and stereoselectivity in chemical reactions traditionally promoted by silver salts. The physical properties and elemental abundances of the interstellar medium in galaxies during cosmic reionization are important for understanding the role of galaxies in this process.We report the Atacama Large Millimeter/submillimeter Array detection of an oxygen emission line at a wavelength of 88 micrometers from a galaxy at an epoch about 700 million years after the Big Bang. The oxygen abundance of this galaxy is estimated at about one-tenth that of the Sun. The nondetection of farinfrared continuum emission indicates a deficiency of interstellar dust in the galaxy. A carbon emission line at a wavelength of 158 micrometers is also not detected, implying an unusually small amount of neutral gas. These properties might allow ionizing photons to escape into the intergalactic medium. 
